The effect of SrO substitution for CaO, in the 50P 2 O 5 -10Na 2 O-(40-x)CaO-xSrO glass system, on the ability to graft 3-aminopropyltriethoxysilane (APTS) at the glass surface has been investigated and is partially compared to changes occurring further from the surface. The step used for the APTS grafting led to Na leaching and successively to Ca and/or Sr leaching. This gave rise to a P 2 O 5 -rich glass surface, especially on sample containing both Ca and Sr ions. The hydration of the phosphate chains was found to be the most pronounced for the glasses containing large quantity of SrO as evidenced by contact angle and X-ray photoelectron spectroscopy (XPS). The increase in phosphate chain hydration was attributed to the expansion of the glass network when Sr ions are introduced. Finally, based on the N 1s XPS peak, N species were found at the surface of the glasses in two configurations: NH 2 and -NH 2 -OH as proof of APTS grafting. APTS grafting on phosphate glass is of importance for the grafting of proteins.
Introduction
The surface of biomaterials is often modified in order to reach properties not attainable otherwise, such as hydrophobicity, electrical charge etc. Such surface modification allows for controlled reaction with cells and biomolecules [1] . For example, it was shown that a glass substrate (Aluminoborosilicate glass) treated with 3-aminopropyltriethoxysilane (APTS) interacts via ionic interactions with DNA [2] .
The surface functionalization of bioinert and bioactive silicate glass substrates has been widely studied [3] [4] [5] . The covalent attachment of functional organosilanes to the glass substrates is a consequence of the reaction of silanes with the silanols present at the glass surface. The deposition of the organosilanes is known to be highly dependent on the glass surface chemistry but also on the condition of deposition. The effect of the reaction temperature, the solution concentration, and the reaction time on the glass surface structure and morphology was studied for the system of APTS on silica by Howarter and Youngblood [6] . They showed that by controlling these parameters the thickness of the APTS film deposited at the surface of silica can be controlled.
Verné et al. have investigated different cleaning and silanization methods to functionalize bioactive silicate glasses [3] . The effect of the solution pH used for the cleaning on the silanol formation was evaluated. In their study, successful APTS functionalization on bioactive silicate glasses was obtained and the differences in the mechanism of the silanol formation at the surface of those glasses were compared to that of inert glass substrate. Following the silanization of the glass surface, bone morphogenic protein 2 (BMP-2) and alkaline phosphatase enzyme have been immobilized [3, 4] .
Phosphate-based glasses have been found to be good alternatives to silicate glasses as they are also suitable glasses for biomedical purposes, such as for example bone repair and reconstruction [7] . An in-depth dissolution study on phosphate glasses, conducted by Bunker et al., showed that the glass dissolution can be tailored and can even present dissolution rate similar to silicate glasses [8, 9] . However it is noteworthy that the dissolution mechanism driving the dissolution of bioactive silicate and phosphate glasses is rigorously different. While the dissolution of silicate glasses is mainly incongruent, the dissolution of phosphate is congruent. The structural modification of phosphate glasses in the composition 50P 2 O 5 -(40-x)CaOxSrO-10Na 2 O was investigated earlier [10] . It was found that replacement of CaO for SrO led to glasses with slower reaction rate in simulated body fluid. While surface functionalization has been carried out at the surface of silica and silicate glasses, little work has been reported on the surface functionalization of phosphate glasses. Thus, in this paper we report results on the APTS grafting at the surface of phosphate bioactive glasses with various Sr contents. The impact of the surface cleaning and APTS grafting on the structural units present at the surface of the glasses are examined via XPS analysis and contact angle measurements. The aim of this study is to compare the ability of bioactive phosphate glasses to accommodate APTS at its surface to the one of silicate glasses as reported in [3] .
Experimental procedure

Glass processing
The glass samples were prepared by traditional melting method in platinum crucible. The phosphate-based glasses were prepared using NaPO 3 , SrCO 3 CaCO 3 and (NH 4 ) 2 HPO 4 raw materials, as reported in [10] . The nominal composition of the glasses are in mol% 50P 2 O 5 -10Na 2 O-(40-x)CaO-xSrO with x = 0 (Sr0), 13.33 (Sr33), 20 (Sr50), 26.66 (Sr66) and 40 (Sr100) as reported in Table 1 .
All glasses were melted at 1100 ∘ C and quenched in a pre-heated graphite mold in order to obtain a cylinder of at least 10 cm long and with a diameter of 1 cm. After casting, the glasses were annealed at 40 ∘ C below their respective glass transition temperature for 12 h. The annealing temperature and time were chosen to allow removal of internal stress due to quenching while minimizing the risk for surface nucleation. Samples were cut into disk and polished to a thickness of 2 mm.
Surface functionalization
The surface functionalization involved a two step process, as described in [3, 4] :
1. Each glass disc was washed by sonication for 5 min in a solution of acetone (95 vol %) and water followed by rinsing 3 times in double distilled water for 5 minutes in an ultrasonic bath 2. The washed glass discs were then silanized with 3-aminopropyltriethoxysilane (APTS, 99% Aldrich). Samples were immersed in 150 mL of a solution containing 95 vol.% of ethanol and 35µL of APTS (concentration of 1 mmol/L), for 6 h, at room temperature. The samples were then dried 1 h at 100 ∘ C to consolidate the bonding between the silane and the glass surface and subsequently washed 3 times in ethanol in an ultrasonic bath and finally dried for 1 h at 100 ∘ C, and stored in a dry box.
The first step is aimed at surface cleaning and hydroxyls exposition while the second one allows the grafting of APTS molecules to exposed OH groups.
Characterization
The density of the glasses was measured using the Archimedes principle. The immersing liquid was distilled water (DI) and the accuracy of the measurement was estimated to be better than 0.03 g/cm 3 .
Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX) (Leo 1530 Gemini from Zeiss and EDXA from Vantage by Thermo Electron Corporation) was used to analyze the glass composition after melting, washing and silanization. The accuracy of the elemental analysis is~1 at%. Static Contact Angle Measurements were performed by the sessile drop method. A drop (5 µl) of double distilled water was deposited on the sample surface and its shape recorded by a camera (Misura , Expert System Solutions). The contact angle was determined by Image J software (1.47 version). The presented values are the average and standard deviation of 3 drops deposited on 3 different discs.
The chemical composition of the first atomic layers and the characteristic chemical groups exposed at the surface were investigated by means of XPS analyses (XPS, PHI 5000 VERSA PROBE, PHYSICAL ELECTRONICS). Survey spectra and high resolution spectra of nitrogen, oxygen, silica, phosphorus and calcium regions were acquired. For high resolution spectra all the peaks were shifted in order to standardize the main C signal at 284.7 eV. Raman spectra were recorded between 400 and 1500 cm −1 at room temperature using a confocal micro-Raman Renishaw Ramascope (system 100) equipped with a Leica DMLM microscope (50X magnification) connected to a CCD camera. Spectra were collected at 90 ∘ . The excitation wavelength (λexc) of the laser was 514 nm and the power was set to Pavg = 20 mW. The spectral resolution was 2 cm −1 . All spectra were baseline corrected and normalized. The infrared (IR) absorption spectra of the glasses were recorded using a Perkin Elmer spectrum one in Attenuated Total Reflectance (ATR) mode. All IR spectra were recorded within the range 500-4000 cm −1 and were corrected for Fresnel losses and normalized to the absorption band with maximum intensity.
Results
In this paper, we study the change in glass surface structure induced by washing and successive silanization of phosphate-based bioactive glasses with the composition 50P 2 O 5 -10Na 2 O-(40-x)CaO-xSrO (mol%) with x varying from 0 to 40. The structural properties of the glasses with respect to the increase in SrO content is discussed in [10] . It was found that the progressive introduction of SrO at the expense of CaO in the phosphate network leads to an increase in Q 1 units at the expense of Q 2 units most likely due to the lower field strength of Sr 2+ compared to Ca 2+ .
The density of the investigated glasses was measured in DI water and is presented in Figure 1 . The molar volume was calculated based on the measured density. The density and molar volume increases with increasing strontium content. Figure 2 present the contact angle of a drop of water at the surface of the untreated, washed and silanized phosphate bioactive glasses. All the as-prepared glasses presented similar contact angles, within the accuracy of the measurement. After washing, the contact angle of all materials is within (9 ± 1) to (22 ± 3) ∘ . These values are lower than the contact angles measured for the only polished (untreated) sample on glasses with more than 13.33 mol% of Sr substituted for Ca. The lower contact angle value is obtained for glass Sr66. The silanization leads to a significant increase in the contact angle: it increases to~42 ∘ for the glass with x = 0 and to~55 ∘ for the SrO-containing glasses. The composition of the glass, measured using EDXA, after washing and silanization is presented in Table 2. The measurement was obtained from a 50 × 50 µm square area in three spots at the surface of three parallel samples. for the Sr0 glass the composition of the treated glass does not deviate from the stoichiometric one. However, with increasing the Sr content in the glass an increase in all elements (P, Ca and Na) is noticed at the expense of the Sr ions, after the washing step. The composition of the glasses silanized were similar, within the accuracy of the measurement, to the composition of the washed glasses. Using XPS, a survey scan was performed to evidence changes in the surface composition after the washing and silanization step. Table 3 report the P, Na, Ca and Sr content (in at%) at the surface of the glass. After washing, the Na content is drastically lower than expected, at the surface of all glasses. The Na content is 0 for the Ca glass whereas it is in between 0 and 2 mol% for the Sr-containing glasses. The theoretical P/(Ca+Sr) ratio is 2.5 this ratio is found to be 2.44 after washing and 2.88 after silanization for the glass labeled Sr0. while the change in the P/(Ca+Sr) ratio is contained for the Sr0 glass it is much larger for the Sr-containing glasses. Even more the P/(Ca+Sr) ratio increases with increasing the SrO content in the glass.
After silanization, presence of Si and N was evidenced. The concentration of N at the surface of the glasses was quantified by XPS and found to be 4 to 6 at% independently of the glass composition (Table 3) . High resolution spectra of the N 1s element were performed at the surface of the silanized samples and are presented in Figure 3 . All samples exhibit a spectra constituted of two bands: one at 399.4 eV and one at~401.3 eV. The N species are introduced via silanization, the first peak can be attributed to NH 2 groups and is often used for the confirmation of amino groups on the glass surface after the APTS grafting [11] [12] [13] . The second peak at about 401.3 eV can be attributed to -NH 2 -OH formed after the hydrolyzation of APTS, as described in [14] . The bands shape and intensity are similar in all glasses except for the glass with Sr33.
High resolution XPS was performed to evidence changes in bridging (BO) and non-bridging (NBO) oxygen and P-O-P bonding at the surface of the glasses. Figure 4 presents the normalized O 1s a) and P 2p b) photoelectron spectra, recorded at the surface of the samples after washing. The O 1s c) and P 2p d) photoelectron spectra were recorded at the surface of the glasses after silanization. In the O 1s photoelectron spectrum (Figure 4a and 4c) two bands are present. The first band is centered at~531.5 eV and the second at~533.1 eV. These bands have been attributed to NBO and to BO to two phosphates polyhedrons, respectively [15] . The peak at higher energy may also be due to OH group at the surface of the specimens. The spectra were deconvoluted to quantify the amount of each species at the surface of the glasses. For the deconvolution, the width of the peak was maintained constant and only the peak position and intensity were varied. Similarly, the P 2p photoelectron spectrum (Figure 4b and 4d) were deconvoluted using 3 bands: one at~133.6 eV, one at 134.5 eV and one at~135.8 eV. The first band was attributed to Q 1 whereas the second and third to Q 2 and Q 3 units, respectively [16] . Example of deconvolution for silanized sample labelled Sr0 can be seen in Figure 5a and 5b and 5c and 5d presents similar deconvolution for the spectra obtained for Sr100. The amount of NBO and BO as well as Q 3 , Q 2 and Q 1 were quantified based on the area under each curve. The amount, in %, of each species is summarized for each glass in Table 4 . One can notice that the NBO/BO ratio is independent of the glass composition or the various step of the functionnalization. However, with increasing the SrO content, the amount of Q 3 units increases. The amount of Q 1 increases when the SrO content increases from 0 (Sr0 glass) to 13.33% (Sr33) and then decreases with further increase in SrO. The amount of Q 2 units decreases when the SrO content increases from 0 (Sr0 glass) to 13.33% (Sr33) and then increases with further SrO increase. After silanization, the number of Q 2 and Q 3 units progressively decreases with the progressive addition of SrO at the expense of CaO. The NBO to BO ratio remained unchanged within the accuracy of the measurements.
Raman spectroscopy was performed at the surface of the glasses after washing and silanization. Figure 6 presents the Raman spectra of selected glasses, taken as an example. All spectra were normalized to the band with maximum intensity peaking at~1175 cm −1 . As seen in [10] , all Raman spectra present bands that could be attributed to the metaphosphate glass network. four main bands at around 690 cm −1 corresponding to symmetric vibration P-O-P in metaphosphate type chains, 1010 cm −1 attributed to symmetric stretch mode of NBO in Q 1 units, and at 1175 cm −1 and 1250 cm −1 corresponding respectively to symmetric and antisymmetric vibrations of PO 2 also in phosphate chains, can be seen [17] [18] [19] . The shoulder at~1095 cm −1 corresponds to motion of terminal oxygen bond vibration in phosphate chains [20] . One can notice that the Raman spectra of the washed and silanized glasses are similar. However, as seen in Figure 6a , the washing and silanization leads to a slight decrease in intensity of the band at 1010 cm −1 as compared to the intensity of the band at 1175 cm −1 . After washing and also silanization of the Sr-containing glasses (Figure 6b and 6c), the peak at 1010 cm −1 disappears and the band at 1250 cm −1 shifts to 1260 cm −1 and increases in intensity.
Discussion
After polishing (untreated), washing and silanization, the hydrophilic nature of the glasses surfaces were evidenced by contact angle measurements (Figure 2 ). After washing, contact angles are lower than the untreated one, indicating a good wettability of the glass surface [3, 4] . Such high wettability is often obtained due to the formation of -OH bonds at the surface of the glass [3, 4] . After silanization, the contact angle increases most likely due to APTS grafting (hydrophobic molecule) and needs to be confirmed by an additional surface analysis such as XPS or zeta potential. An increase in contact angle after APTS grafting has been already evidenced by the authors on silanized bioactive glasses [3, 4] and silica based coatings [13] . Nonetheless it is interesting to notice that the value of the contact angle after washing decreases slightly with increasing the SrO content up to 26.66 mol% (Sr66) and then increases when x increases to 40 mol% (Sr100). Such variation could be attributed to the faster dissolution rates of Sr0 and Sr100 glasses compared to those of Ca /Srcontaining glasses as already seen in [10] . The change in dissolution rate can be attributed to larger ionic radius and lower field strength of Sr 2+ compared with Ca 2+ . After silanization, all contact angles are almost identical, within the accuracy of the measurements, except for the Sr0 glass which exhibits the lowest contact angle. It is noteworthy to mention that the Sr50 and Sr66 glasses exhibit the largest change in contact angle after silanization. After washing and further silanization, the compositions of the glasses were quantified using EDXA. It is interesting to note that the surface of the glass was depleted in Sr ions, leading to an increase, in mol%, of the other elements, however the EDX has a fairly deep penetration depth, therefore the analysis also includes part of the glass volume. From Table 3 , shwing composition obtained via XPS, no Na ions could be detected at the surface of the CaO glass while a small Na amount was detected in the SrO containing glasses after washing. In all glasses, the Na content, at the surface of the discs, was 0 after silanization (Table 3 ). This phenomenon can be attributed to ion release in the washing and functionalization media as well as to the APTS surface covering after silanization. The relatively reduced change in the P/(Ca+Sr) ratio for the glass Sr0 after washing and silanization demonstrate that, as expected, Na first leach out and then phosphate chain are released in solution [8] . With increasing the SrO content the glass structure is assumed to expand as suggested by the increase in molar volume. Thus it is suspected that -OH will penetrated more easily beneath the surface of the glass leading to larger leaching of alkaline and alkaline earth as confirmed by the increase in the P/(Ca+Sr) ratio, after washing and silanization, with increasing SrO content in the glass. The amount of N and Si was similar in all glass samples suggesting that the amount of APTS grafted at the surface of the glass is independent of the glass com-position. It is also interesting to point out that in Sr containing glasses the content in Sr ions at the surface of the glass decreases after washing and decrease further after silanization (Table 3) , whereas Ca decreases after washing but not after silanization. This indicate a preferential leaching of the Sr ions compared to the Ca ones.
The structure of the glasses, prior any treatment, was investigated using ATR and Raman spectroscopy and results are reported in our previous study [10] . In this study we clearly showed, using XPS, that an increasing amount of Q 1 was present in the glass with increasing Sr content.
Theoretically no Q 3 units should be present in the glass structure of metaphosphate glasses, however as shown by Döhler et al., NMR reveals that glasses with 50 mol% phosphate contain Q 3 units [21] . Therefore, the increase in Q 1 could be attributed to increase disproportionation of Q 2 into Q 1 and Q 3 as described by previous authors [22] .
The shift of the vibrations bands to lower wavenumber in the IR and Raman spectra were clearly observed when the calcium was replaced for the strontium. Such evolution was related to a slight weakening of the P-O bonds.
The slight weakening of the P-O bond can be attributed to the increase in the P-O-P bond angle in PO 4 tetrahedra as the field strength of Sr 2+ is lower than Ca 2+ [23] .
The decrease in intensity of the Raman band at 1010 cm −1 as compared to the intensity of the band at 1175 cm −1 after washing and silanization reveals a decrease in the Q 1 units. While this decrease is rather contained in the SrOfree glass, this band disappears in the spectra of the Srcontaining glasses after washing and silanization. Even more, in the SrO-containing glasses a shift of the band at 1250 cm −1 is clearly seen, as well as an increase in the band intensity. The shift and increase in intensity of these bands can be correlated with a weakening / re-orientation of the Q 2 units and an increase in Q 3 units upon washing and silanization [24] . From the study by Döhler et al. we know that in metaphosphate glasses some Q 3 units can be present (up to 11% of the Q n units) [21] . Upon dissolution typically the longest chain should be hydrolyzed and turned into shorter chain. Indeed, Döhler et al. showed that only Q 2 , Q 1 and Q 0 are found in solution. Assuming that the nature of the dissolution mechanism is congruent, the number of Q 3 units at the surface of the glass should remain either constant or decrease [8] . However, here, it seems clear, from XPS analysis, that the very surface of the glass containing Sr demonstrate a non congruent dissolution. The non-congruent nature of the dissolution is even further exacerbated with an increase in Sr as can be seen from the XPS composition analysis showing larger amount of P at the glass surface compared to the based glass composition ( However, one should keep in mind that due to the very small penetration depth in XPS analysis this discussion is only valid at the very surface of the sample and does not represent changes occurring at depth exceeding~10 nm.
To further understand the structural modification induced by the washing and silanization step Fourrier Transform infrared (FTIR) spectroscopy analysis was performed in ATR mode. Figure 7 presents the ATR spectra of glass Sr50 prior to and after washing and silanization, taken as an example. All FTIR spectra were baseline corrected and normalized to the band with maximum intensity. All the bands present within the 400-1500 cm −1 range are characteristic of the metaphosphate units present in the glass networks as described in our previous study [10] . In all measurement it was found that the spectra of the washed samples exhibited an increase in intensity of the broad band within the 3000-3600 cm −1 corresponding to OH vibration (as seen in Figure 7b ). This, along with the decrease in contact angle after washing (Fig. 2) , confirms that during the washing process the glass surface is hydrolyzed and OH can enter the glass network. Figure 8 presents the FTIR spectra of the glasses labelled Sr0, Sr50 and Sr100 after washing. As expected, with increasing the Sr content the broad band related to OH vibration increased in intensity. It is interesting to note that the sharper peaks in the 2830-3000 cm −1 region have higher intensity in the Sr50 samples. These peaks have been attributed to P-OH vibra- tion [27] [28] [29] . The higher intensity of these peaks for the sample Sr50 and Sr66 (not shown here) are in good agreement with the more pronounced contact angle decrease, registered for these glasses, after washing as seen in Fig. 2 . This result confirms that the washing process, previously optimized for silica based glasses [3, 4] can be successfully applied for the surface activation of phosphate based glasses. The intensity of the OH band clearly decreases upon silanization, indicating that APTS molecules have been attached the hydroxyls groups (Fig. 7) . This was further confirmed with a similar trend for the absorption band at 1600 cm −1 which is an harmonic of the OH vibration.
A broadening of the band in the 3000-3600 cm −1 was also clearly seen which may account for the presence of NH 2 which vibrates at slightly lower wavenumber than OH. It is also interesting to point out that upon washing a broad band appear centered between 1400 and 1475 cm −1 .
This band was attributed to P=O stretch in Q 3 units. However, P=O stretch are in general found in the 1350-1410 range [30, 31] . Thus, P=O alone could not give such a broad band. Further structural analysis should be performed to fully define this band. The presence of N at the surface of the glass and the increase in contact angle after silanization further indicate that the silanization was successful. However the low N and Si content (independent of the glass composition (Table 3) at the surface of the glasses indicate that a thin silane film formed. Furthermore as opposed to APTS grafting at the surface of silica-based where only one type of N bonding was found, phosphate-bioactive glasses presents two types of N species which could be attributed to NH 2 and -NH 2 -OH [11] [12] [13] [14] . These signals confirm the grafting of APTS molecules to available OH groups at the glass surface. The amount silane grafted to the glass surface is independent of the initial glass composition. A similar situation has been described and schematized for APTS grafting on carbonate hydroxyapatite [32] and phosphate glass fibers [33] .
Conclusion
The impact of CaO substitution for SrO on the ability of a bioactive phosphate-based glass to bound 3-aminopropyltriethoxysilane (APTS) was studied. The amount of APTS grafted was found to be~5 at% and is independent of the SrO content in the glass. As opposed to APTS grafted at the surface of silicate bioactive glasses the N species were of two types: NH 2 and -NH 2 -OH. Raman and FTIR spectroscopy as well as XPS demonstrated that all reactions occurred at the very surface of the material and only the Q n units of the phosphate chain were affected by the functionalization process. The larger changes in the glass structure were evidenced for the glasses containing SrO. Indeed SrO expand the glass network leading to larger leaching of alkaline and alkaline earth ion into solution during the washing and APTS grafting stage. Upon washing Q 3 units were formed at the surface of the glass which dissociate during the second step of the functionalization process. However one should keep in mind that while qualitative information can be gathered using FTIR, Raman and XPS no quantification could be done unambiguously. Indeed the structural modification occurs up to ten nm. On one hand FTIR and Raman spectroscopy were found to provide signal from underneath the modified layer leading to potential misinterpretation of the structural modification. On another hand P=O and P-OH binding energies were found to overlap with the binding energy of NBO and Q 1 units in the O 1s and P 2P XPS spectra. The described results are promising toward the immobilization of proteins at the surface of this category of bioactive materials.
